The decline in cognitive function that accompanies normal aging has a negative impact on the quality of life of the elderly and their families. Studies in humans and rodents show that spatial navigation and other hippocampus-dependent functions are particularly vulnerable to the deleterious effects of aging. However, reduced motor activity and alterations in the stress response that accompany normal aging can hinder the ability to study certain cognitive behaviors in aged animals. In an attempt to circumvent these potential confounds, we used a hippocampusdependent object-place recognition task to show that long-term spatial memory is impaired in aged mice. Aged animals performed similarly to young adult mice on an object recognition task that does not rely on hippocampal function.
Introduction
Over the past 30 years, considerable effort has been devoted to the identification and characterization of the neurological and molecular pathways that underlie age-related cognitive impairments. Studies in humans and rodents show that the hippocampus is particularly vulnerable to the effects of aging (Bach, et al., 1999 , Davis, et al., 1993 , Gallagher, et al., 2010 , leading to impairments in episodic memory (Miller and O'Callaghan, 2005, Park and Reuter-Lorenz, 2009 ) and spatial navigation (Barnes, 1979 , Gage, et al., 1984 , Markowska, et al., 1989 . However, confounding factors such as changes in motor activity and in the response to stress that accompany normal aging can complicate the interpretation of studies using the Morris water maze and other spatial navigation tasks (Sparkman and Johnson, 2008) . The present studies focus on object memory tasks, which are ideal to study both short-and long-term memory formation because learning occurs within a single session (Baker and Kim, 2002 , de Lima, et al., 2006 , Oliveira, et al., 2010 . Furthermore, object-based tasks take advantage of the innate tendency of mice to explore novel items in their environment, while inflicting little stress on the animals (Save, et al., 1992 , Sharma, et al., 2010 , and the anatomical substrates underlying object memory are well characterized (Ennaceur and Aggleton, 1997 , Oliveira, et al., 2010 , Roozendaal, et al., 2010 .
Methods

Subjects
Young (2-4 months-old) and old (22-24 months-old) male C57BL/6NIA mice provided by the National Institute of Aging were used in all experiments. Food and water were provided ad libitum. Lights were maintained on a 12-12 light/dark cycle, and all experiments were performed in the light phase. Mice were singly housed a week before training. Animals were handled in the experimental room for 1 minute per day for 3 days prior to the first exposure to the training arena. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania and conducted according to National Institutes of Health guidelines.
Object location memory task
Object location memory experiments were performed as described previously (Oliveira, et al., 2010) with minor modifications. On the day of training, mice were placed in the training arena for a total of four 10-minute sessions with an inter-session interval of 3 minutes during which mice were returned to their home cages. The first session consisted of a context habituation period without objects in the arena. During the next three sessions, mice were placed in the training arena with two distinct objects. The objects used were a glass bottle, and a metal tower (5"H × 2"W × 2"L). The objects and the arenas were wiped with 70% ethanol before each session. Either 3 minutes or 24 hours after training, mice were placed in the original training arena for 10 minutes with one object displaced to a new location (displaced object, DO), while the other object was not moved (non-displaced object, NDO). Exploration was recorded during training and testing on a digital camera for subsequent scoring of time spent exploring objects. Exploration of the objects was defined as the amount of time mice were oriented toward an object with its nose within 1 cm of it, and was scored by an experimenter blind to age.
Object recognition memory task
Object recognition memory experiments were performed in the same training arenas and using the same objects as previously described (Oliveira, et al., 2010) . Mice were preexposed to the training context for 10 minutes on 3 consecutive days prior to object training. 24 hours after the last context exposure, mice were placed in the training arena with two identical objects and allowed to explore for 10 minutes. Twenty-four hours after training, mice were placed in the original training arena for 10 minutes with one familiar object and one novel object in the same locations used during training. Exploration was measured and recorded as described above.
Data analysis
Percent preference in the object location experiment was calculated as time spent exploring the DO relative to the total time spent exploring both objects (i.e., preference = DO/(NDO +DO)). For object recognition experiments, percent preference was calculated as time spent exploring the novel object relative to the total time exploring both objects (i.e. novel/ (familiar + novel)). Repeated measures ANOVAs (RM-ANOVA) were used to compare age groups, during training and retention test sessions for both tasks, with session as a within subject factor and age as a between subject factor. Tukey post-hoc tests were used in the event of a significant session × age interaction. p<0.05 was considered significant.
Results
We assessed hippocampal function and spatial memory formation in aged mice by using a hippocampus-dependent object place recognition task (Mumby, et al., 2002 , Oliveira, et al., 2010 , Save, et al., 1992 . Training consisted of three 10-minute exposures (3 minute intertrial interval) to an arena that contained two distinct objects (Fig. 1A) . Both groups of animals spent an equal amount of time exploring what would ultimately be the DO and NDO (RM-ANOVA, F(2,74)=0.18, p=0.83) where exploration of the objects gradually decreased over time (F(2,74)=33.98, p<0.001). Age had no effect on the time spent exploring the objects (F(1,18) =2.29, p=0.14) and total exploration times for sessions 1, 2 and 3 were 8.4 ± 1.0, 5.9 ± 1.3, 5.0 ± 0.6 seconds, for young mice, and 11.7 ± 0.8, 6.9 ± 0.6, 5.3 ± 0.7 seconds, for aged mice. Twenty-four hours after the last session, young and old mice were re-introduced to the training arena with one of the two objects displaced to a new location. The relative preference for the DO was calculated as the percentage of object exploration time dedicated to this object. We compared the preference for the DO for each age group during the last training session to the preference during the 24 hour test. The preference for the DO increased during the test for young mice, whereas old animals did not show a preference for either object during either sessions (session × age interaction: F(1,18)=5.15, p=0.036). Aged mice showed lower preference for the DO than young animals (post-hoc Tukey tests, p<0.05) only during the 24 hour retention test session, suggesting that aged mice have impaired spatial memory (Fig. 1 B) . Next, we assessed short term memory, using the same training protocol in a different cohort of young and old mice. RM-ANOVA revealed that time spent exploring the objects decreased over the course of the three training sessions (F(2,78)=20.70, p<0.001) and the animals spent equal time exploring what would ultimately become the DO and NDO (F(2,78)=0.07, p=0.93), with no effect of age (F(2,38)=0.46, p=0.64). Three minutes after the last training session, the animals were returned to the training arena with one object displaced to a novel location. In this case, young and aged animals showed a preference for the DO (session: F(1,19)=20.49, p<0.001; session × age: F(1,19)=0.15, p=0.70), suggesting that acquisition of spatial memory was not affected by aging (Fig. 1C) . Taken together, these results indicate that hippocampal function declines with age, causing impairments in the consolidation of long-term spatial memory.
To address whether these deficits are specific to the hippocampus and spatial memory, we assessed object recognition in young and old mice. We and others have shown that object recognition becomes independent of the hippocampus if the task is conducted with limited spatial cues (Forwood, et al., 2005) or if the animals are familiarized to the context before training (Oliveira, et al., 2010) . We removed spatial cues from the walls and the animals were familiarized to the training arena for three consecutive days prior to training. On the fourth day, animals were placed into the same training arena containing 2 identical objects and allowed to explore for ten minutes. Twenty-four hours later, mice were re-introduced to the context containing one familiar object and one novel object (Fig. 2A) . The relative preference for the novel object was calculated as the percentage of object exploration time dedicated to this object. Both young and old mice showed a preference for the novel object 24 hours after training (session: F(1,29)=25.67, p<0.001; session × age: F(1,29)=0.21, p=0.65), suggesting that object recognition is unaffected by aging (Fig. 2B ).
Discussion
Using an object-place recognition task, we found that spatial memory consolidation is impaired in aged mice. Age-related cognitive decline can be difficult to characterize due to changes in motor activity (Gage, et al., 1984 , Markowska, 1999 and stress-related physiology and behaviors (Sparkman and Johnson, 2008 ) that can alter performance in spatial tasks (e.g., Barnes and Morris water maze). Object-based tasks are advantageous because they are not physically demanding and they induce little stress. However, the requirement of the hippocampus for object-based memory (Forwood, et al., 2005 , Oliveira, et al., 2010 and retention length (Roozendaal, et al., 2010) are known to vary with training protocol. For example, aging was found to impair both object-place and novel-object recognition tasks when using relatively short training sessions (Burke, et al., 2010 , Murai, et al., 2007 . Here we used two training protocols that produce robust long-term memory and allow for the dissociation of hippocampal involvement. Extended pre-exposure to the training context is known to reduce the role of the hippocampus in the novel object recognition task (Forwood, et al., 2005 , Oliveira, et al., 2010 . Thus, we provide a more direct examination of the effects of aging on spatial memory formation and consolidation.
Previous attempts to rescue age-induced memory deficits have involved systemic injections of memory-enhancing compounds, (Bach, et al., 1999 , Davis, et al., 1993 , de Lima, et al., 2008 , de Lima, et al., 2005 , Markowska, et al., 1994 often administered prior to training. A recent study found that injections of histone deacetylase (HDAC) inhibitors into the hippocampus prior to fear conditioning can rescue age-related contextual fear memory impairments (Peleg, et al., 2010) . Our findings raise the interesting possibility of enhancing hippocampal function immediately after training in order to ameliorate age-induced spatial memory impairments. a) Diagram illustrating the experimental design for object place recognition. Animals were exposed to the context once for 10 minutes followed by three 10 minute training sessions with a 3 minute inter-trial interval. Testing occurred either 24 hours or 3 minutes after the last training session by moving one of the objects to a new location. b) Bar graphs showing the percent preference for the displaced object (DO) at 24 hours for young (n=10) and aged (n=10) animals. c) Graphs showing the percent preference for the DO at 3 minutes for young (n=10) and aged (n=11) mice. Dotted line denotes 50% (chance) preference. * p<0.05. a) Diagram illustrating the experimental design for object recognition. Animals were familiarized to the training context 10 minutes per day for 3 days prior to training. On the 4 th day, 2 identical objects were introduced for 10 minutes. 24 hours later the animals were tested for object recognition by replacing one of the familiar objects with a novel object. b) Bar graphs showing the percent preference for the novel object in young (n=16) and old (n=15) animals. Dotted line denotes 50% (chance) preference. * p<0.05.
